Asthma diagnoses are increasing nationally with the highest rates in the New England states. Epidemiological studies have suggested a relationship between airborne particulate matter (PM) and severity of an asthma attack. However, because particulate matter, PM, is such a complex mixture, it is difficult to isolate the exacerbating factors. In this paper we investigate the effect of NIST (National Institute of Standards and Technology) and Maine PM and the soluble metals released from the PM on the growth of human lung fibroblasts. While the NIST PM itself had the most pronounced effect on cell survival rates, solutions of metals extracted from the PM also affected cell survival. Treatment of cells with 10, 50, 100 and 200 ug/cm 2 resulted in 84 ± 13%, 69 ± 15%, 58 ± 14% and 58 ± 16% survival, respectively. Appropriate concentrations of eight acid soluble metals from NIST PM were determined and tested on cells giving 91 ± 11%, 87 ± 10%, 72 ± 18% and 66 ± 20% survival, respectively. Soluble metals from Maine PM were extracted and mixtures of appropriate concentrations of these metals were used to treat cells, resulting in 88 ± 5%, 81 ± 5%, 79 ± 3% and 57 ± 9% survival rate. To determine which, if any, of the metals individually affected the cells, Mn, Cu, V and As were used to treat the cells. At the metal concentrations tested, only As and V affected cell survival. Toxicology and Industrial Health 2009; 25: 111-120.
Introduction
America is in the middle of an asthma epidemic. Nationally, an estimated 26 million people are diagnosed with asthma, an increase of 82% over the last 15 years (Eggleston, et al., 1999) . Asthma has a significant economic and health impact on the American people, costing over $12 billion annually and accounting for about three million lost work days and more than 10 million lost schools days (CDC, 2005) . Between 1970 and 1998 the death rate from asthma increased 55.6%, even though the death rate from all causes combined decreased 18% (CDC, 2001) . Of the seven states with the highest asthma rates in the country, five are in New England with nearly a million adults in the region with asthma, and Maine and Connecticut show greater than 10% asthma prevalence among children (NEARC, 2004) .
Asthma is a complex chronic inflammatory lung condition where the lung tissue is sensitized and airway remodeling occurs. Patients exhibit both acute and chronic responses from external sensitizing substances such as high molecular weight or low molecular weight allergens. These responses can be intensified or triggered by environmental substances including particulate matter (PM). In an acute attack, airway cells oversecrete mucus and smooth muscle cells in airways overcontract, sometimes blocking air passages completely, but reversiblygiving rise to symptoms ordinarily associated with asthma such as shortness of breath, wheezing and coughing (Gardner, et al., 1999) . Inflammatory cells, eosinophils, neutrophils and Th 2 lymphocytes move into the lung tissue and surrounding fluid from the blood stream. In normal non-irritated lungs, these cells are not present. The eosinophils persist beyond the acute period. Chronic changes to the lungs in the inflamed areas include damage to and loss of epithelial cells, fibrous thickening of the basement membrane, and smooth muscle and fibroblast proliferation (Gardner, et al., 1999; Oddera, et al., 2002; Zagai, et al., 2004; Bonner, 2007) .
Epidemiological studies in Atlanta, Los Angeles, Spokane and Detroit show a correlation between hospital admissions for asthma and PM (Stieb, et al., 2000; Tolbert, et al., 2000; Ostro, et al., 2001; Claiborn, et al., 2002; Lin, et al., 2002) . A study of six Eastern cities, Boston, Knoxville, St. Louis, Steubenville, Madison and Topeka, found a dose-dependent linear relationship between PM2.5 (particulate matter with diameters of 2.5 microns or less) and daily deaths at PM concentrations far below the current EPA 24 h threshold of 65 ug/m 3 (Schwartz, et al., 2002) .
Until recently there have been no studies in Maine examining the link between air quality and asthma, despite the fact that Maine is experiencing an asthma epidemic. Maine's air quality is probably the most affected of any area in the U.S. by air pollution transported from upwind sources, including anthropogenic emissions from the mid-Atlantic states, the Midwest, eastern Canada, as well as pollution produced locally in New England and from crustal sources (Parrish, et al., 1993; Moody, et al., 1998; EPA, 2000) . Previously, we reported PM components for PM10 (all particulate matter with diameters of 10 microns or less) collected by the Maine Department of Environmental Protection in three different Maine locations, at times when clinical asthma data showed peaks and during the summer low period (Langley-Turnbaugh, et al., 2005) . The PM10 and soils from the same sites were analyzed for 10 metals by acid extraction to determine total metal content and then with cell culture medium (DMEM/F12 + CCS growth medium) to determine metal biosolubility. Our results showed that Mn, Cu, Pb, As, V, Ni and Al were present in the Maine PM samples. Vanadium, Ni and Pb showed seasonal variation, while the others were relatively constant throughout the year. However, Pb and Al did not appear to be soluble in the biological medium. Maine citizens are exposed to these metals, as on an average a person in Maine inhales about 0.2 mg of PM10 daily with highs of >2 mg daily, which is calculated from the average daily exposure of 10 μg/m 3 (well below the EPA limit of 65 μg/m 3 ) and high exposure of 100 μg/m 3 respectively and adult respiration of 20 m 3 /day (ALAM, 2006) . Due to their greater metabolic rate, children inhale more air in proportion to their body weight than adults and thus represent a vulnerable population (Bearer, 1995) .
While asthma exacerbation by PM10 is not well understood, much work with PM has already been done. The particles themselves are complex mixtures of soluble and insoluble substances (inorganic, organic and biological) and their composition varies from location to location (Bonner, 2007) . Diesel particulates are known irritants and contain polyaromatic hydrocarbons (PAHs) and nitrated PAHs (Clean Air Task Force, 2005) . Biological components from PM10 that have shown asthma exacerbation are endotoxins and some bacterial fragments (lipopolysaccharides) (Soukup and Becker, 2001; Becker, et al., 2002) . In addition, many studies have been conducted with animals and cells looking for irritation responses in the form of neutrophils, eosinophils from BAL (bronchial aveolar lavage) in animal studies or cytokines in both Dreher, et al., 1997; Adamson, et al., 2000; Walters, et al., 2001) . Even so there is no agreement on whether the irritation is due to the particles themselves or a substance from the particles. For example, some studies show that when proportionate mixtures of the soluble metal components of PM as well as the particles were instilled into the lungs of various animals an irritation response was seen Dreher, et al., 1997; Samet, et al., 1997; Adamson, et al., 2000; Norwood, et al., 2001; Walters, et al., 2001; McGee, et al., 2003) . The most highly irritating metals in most studies were Ni, Zn and V Lambert, et al., 1999; Adamson, et al., 2000) . In Baltimore, the biological activity of PM2.5, as measured by its ability to stimulate cytokine release by airway epithelial cells varied over short time intervals and seasonally, suggesting that local sources were important contributors to heath effects of ambient PM2.5 (Ondov, et al., 2005) . Further studies of human lung epithelial cells treated with whole particles of ROFA (residual oil fly ash), TiO 2 , Fe 2 O 3 or α-silica (model for asbestos) for cell irritation showed that ROFA and α-silica particles produced dose-dependent responses in cells weakened with tumor necrosis factor-α (Stringer and Kobzik, 1998) .
When a challenge to the lungs does occur, the first point of contact is the epithelial layer, although in damaged areas other types of cells such as the fibroblasts may be exposed. Following such a challenge fibroblast cell populations increase rapidly and consequently play a major role in tissue remodeling resulting in further lung susceptibility. As yet, the factors that stimulate the fibroblast responses are not well understood, but may include stimulation by or production of cytokines or eosinophil binding (Doucet, et al., 1998; Oddera, et al., 2002; Morishita, et al., 2004; Zagai, et al., 2004) . Furthermore, we have found no literature which examines the relation between fibroblasts and direct contact with environmental PM, particularly the soluble fraction which could easily reach the fibroblasts via the interstitial fluid.
Because PM appears to play an important role in the severity of asthma episodes, it is important to study PM effects in human lung cells including both fibroblasts and epithelial cells to better understand the response of these cells to PM, mixtures of soluble metals from the PM and the individual soluble metals themselves. Consequently, as a first step, we focused on human lung fibroblasts as our test cell population using cytotoxicity as our initial screen as the measure of effectiveness of component(s). We compared PM10 and its soluble metals using NIST (National Institute of Standards and Technology) urban particulate matter (UPM) and soluble metals from Maine PM.
Materials and methods

Cells and cell culture
The effects of various metals were studied using WTHBF-6 cells, a clonal cell line derived from human bronchial fibroblasts with reconstituted telomerase activity. The detailed isolation and characterization of these cells are described elsewhere . These cells retain a response to particulates that is similar to young primary human lung cells . Previously, we have used these cells to determine the physicochemical mechanism of particulate chromate (PbCrO 4 ) in human lung cells Xie, et al., 2004; Holmes, et al., 2006) . In asthma, epithelial cells are a primary target, but fibroblasts are also known to be a target of particulate toxicity (DeFlora, et al., 1990) . Growing evidence indicates that damaged fibroblasts produce an unhealthy microenvironment that contributes to effects in epithelial cells (Hussain, et al., 2000; Rubin, 2001) . Furthermore, soluble vanadium treatment of bronchial epithelial cells causes secretion of substances into the cell culture medium which then stimulates fibroblast growth (Zhang, et al., 2001) . Interestingly, a recent study of particulate chromate-induced tumors indicated that fibroblasts and not the epithelial cells bioaccumulated the metal (Kondo, et al., 2003) .
WTHBF-6 cells were cultured in a 50:50 mix of Dublecco's minimal essential medium and Ham's F-12 (DMEM/F-12) with 15% cosmic calf serum (CCS), 1% L-glutamine, 1% penicillin/streptomycin and 0.1% sodium pyruvate. Cells were maintained as adherent subconfluent monolayers by feeding at least twice weekly and subculturing at least once a week using 0.25% trypsin/1 mM EDTA solution.
Preparation of soluble metal media
Reagent grade soluble metal salts were used to prepare stock solutions of metal ions in DI water. These metal stock solutions were then diluted 1 mL to 50 mL using the cell culture medium (above) to make the treatment solutions. The treatment solutions were cold sterile filtered and then used to replace a calculated amount of the cell culture medium (for 10 μg/cm 2 0.021 mL [equivalent to 10 μg/m 3 exposure over 24 h for an adult], for 50 μg/cm 2 0.11 mL, for 100 μg/cm 2 0.0.21 mL and for 200 μg/cm 2 0.42 mL). The treatment solution for the acid soluble metals contained (in μg/mL): Mn 6.0, Cd 0.7, V 1. Maine metals solution contained (in μg/mL): As 1, Mn 3, V 5, Ni 2 and Cu 12.
Cytotoxicity assays
Cytotoxicity was determined by a clonogenic assay measuring reduction in plating efficiency in treated groups relative to controls based on our published methods (Wise, et al., 2002) . Two hundred thousand cells were seeded in 5 mL of medium on a 60-mm tissue-culture dish and allowed to grow for 48 h. The cultures were then treated for 24 h with aliquots of either NIST Standard Reference Material (SRM) 1648 UPM at 10 mg/mL suspended in culture medium, a solution of metals based on the metals in solution after acid extraction or cell culture medium extraction of NIST SRM 1648, a Maine metals solution, or an individual metal solution (Cu, Mn or V). After 24 h the treatment medium was collected (to include any loosely adherent cells); the cells were rinsed with phosphate-buffered saline (PBS); then they were removed from the dish with 0.25% trypsin/1 mM EDTA solution. The collected media was then added to the trypsinized cells to stop the trypsin and centrifuged at 1000 rpm for 5 min at 4°C. The resulting pellet was resuspended in 5 mL of medium then counted with a Coulter Multisizer. The cells were reseeded at colony forming density (1000 cells per dish) on a 100-mm tissue-culture dish in 5 mL of medium. The colonies were allowed to grow for an average of 8 days, fixed with 100% methanol, stained with crystal violet and the colonies were counted. There were four replicates per treatment group and each experiment was repeated at least three times.
Results
To determine whether PM10 has an effect on cells, we first tested the effect of standard PM obtained from the National Institute of Standards and Technology, SRM 1648 (NIST UPM). As reported previously, we extracted this material for metals according to EPA Compendium Method (CM) IO-3 (acid extract) and then using a similar procedure with cell culture medium (biological extract) (Langley-Turnbaugh, et al., 2005) . The results of our extractions of this material and a comparison to the known analysis are shown in Table 1 .
The results showed that the acid extractable components analyzed for comprised less than 2% of the particle weight, while the bioextractable components were less than 0.1% particle weight.
Initially, cells were treated with a solution containing NIST UPM at 10, 50, 100 and 200 ug/cm 2 , which in a 60 mm culture dish (5 mL of medium) results in 0.21 mg (average daily dose in Maine), 1.05 mg, 2.1 mg and 4.2 mg (20 times the average daily dose in Maine, but only twice the highest daily dose), respectively. Cytotoxicity was found for all treatments (Figure 1) . Survival rates were 84 ± 13%, 69 ± 15%, 58 ± 14% and 58 ± 16%, respectively.
To compare the cytotoxicity of the particles with the cytotoxicity of the metals extracted from the particles, the cells were treated with metal ion solutions ( Table 2) . The concentrations used were equal to the solution concentrations expected after treatment with the specified amounts of solid.
Both the acid and biological solutions induced concentration dependent cytotoxicity in WTHBF-6 cells ( Figure 2 ). The acid metal solutions corresponding to the 10, 50, 100 and 200 μg/cm 2 treatments induced 91 ± 11%, 87 ± 10%, 72 ± 18% and 66 ± 20% relative survival, respectively. The biological metal solutions corresponding to the same amounts of NIST UPM induced 88 ± 14%, 76 ± 14%, 66 ± 13% and 65 ± 15% relative survival, respectively (Figure 2 ). 
Maine metals cytotoxicity
Detailed metal analysis results for Maine PM (PM10) are reported in Langley-Turnbaugh, et al., (2005) . In that study we showed that lead was not soluble in the cell culture medium, cadmium levels were low, and we were unable to analyze the Maine PM for zinc. Consequently in this study, we focused on mixtures containing the five metals we could measure: As, Mn, Cu, Ni, and V. In the Maine particles these metals are almost equally soluble in both the acid and biological extracting media, and combined they comprise less than 0.3% of the particle weight. The amounts of metals used for treatment are those that would be found in solution from an average winter particle in Portland (Table 3) . Composition of the average winter particle would be As 100 μg/g, Mn 300 μg/g, Cu 1200 μg/g, Ni 200 μg/g and V 500 μg/g. The Maine metals solution induced concentration-dependent cytotoxicity in WTHBF-6 cells. Maine metals solutions which correspond to treatment 10, 50, 100 and 200 ug/cm 2 of PM induced 88 ± 5%, 81 ± 5%, 79 ± 3% and 57 ± 9% relative survival, respectively (Figure 3 ).
Individual metal cytotoxicities
To determine which metal or metals are responsible for the cytotoxicity, the individual metals were tested at the levels shown for the individual metal in Table 3 . As arsenic cytotoxicity was determined in another study with these cells, the results are not shown here (L. Savery, personal communication). Work with nickel with similar cells had shown that much higher concentrations were needed for an effect and its cytotoxicity was not determined in this work.
Copper did not induce cytotoxicity; instead it increased survival in a nearly concentrationdependent manner in WTHBF-6 cells. Copper concentrations in solution corresponding to treatments of 10, 50, 100 and 200 ug/cm 2 PM (0.05, 0.26, 0.53 and 1.06 μg/mL, respectively) induced 103 ± 7%, 106 ± 11%, 104 ± 6% and 112 ± 11% relative survival, respectively ( Figure 4A ). Manganese induced a slight cytotoxicity which was not concentration-dependent in WTHBF-6 cells. Manganese concentrations in solution corresponding to treatments of 10, 50, 100 and 200 ug/cm 2 PM (0.01, 0.07, 0.13 and 0.26 μg/mL, respectively) induced 96 ± 5%, 86 ± 22%, 93 ± 12% and 93 ± 2% relative survival, respectively ( Figure 4B ).
Vanadium induced concentration-dependent cytotoxicity in WTHBF-6 cells compared to controls. Vanadium concentrations in solution corresponding to treatments of 10, 50, 100 and 200 ug/ cm 2 PM (0.02, 0.11, 0.22 and 0.44 μg/mL, respectively) induced 94 ± 5%, 88 ± 2%, 81 ± 5% and 77 ± 3% relative survival, respectively ( Figure 4C) .
In very preliminary work the WTHBF-6 cells were again treated with the mixture of Maine metals for 24 h and the growth medium analyzed for cytokines using a RayBio Human Cytokine Antibody Array Kit. Results indicated a cytokine response but further work is needed.
Discussion
The WTHBF-6 cells used for treatment with the NIST UPM and showed cytotoxicity for all treatments with levels which range from the average daily exposure of a Maine resident to two times the highest exposure level. However, because the particles had not been prewashed, we do not know if the effect was due to the particles, a soluble component from the particles or some combination of both. An earlier study had shown that washed particles from Baltimore PM produced an adverse effect in mouse lungs but the leachate did not (Walters, et al., 2001) . However, in addition to the difference between cell culture and mouse lungs, the particle composition in the Baltimore study was quite different from the NIST UPM and Maine PM (PM10) ( Table 4 ). Other studies in rats showed adverse responses from soluble metal mixtures alone Lambert, et al., 1999; Campen, et al., 2002) . In this work when soluble metal mixtures of both NIST UPM acid extract and the biological extracts were used to treat the WTHBF-6 cells, there was a cytotoxic effect but less cytotoxicity than when treated with particles. However, there was little difference in survival rates between the two types of metal solutions, although all metals in the acid metals solution are, at least a factor of 5, more concentrated than those in the biological metals solution. The only individual metal from this mixture which had been previously tested on these cells was lead and the lead treatment levels that showed a cytotoxic effect occurred at 10 μg/mL, which is much higher than the levels used in this study (4.2 μg/mL highest) (Holmes, et al., 2005) . Lead was a substantial fraction of the acid metal extract, but was still below the effective level so it is likely other metals or the combination of lead with other metals are causing the effect. Thus, even though the soluble metal fraction from the NIST UPM was very small, it appears to have an important effect on the survival of the WTHBF-6 cells.
In general, the metals in the Maine particles are more soluble than those from PM from other places, but again these metals constitute a very small fraction, <0.3%, of the particle weight (Table 4 ). The Maine particles had concentrations of vanadium and nickel that were much higher than most locations but several orders of magnitude less than those found in the ROFA extracts. Comparison between the NIST UPM acid metal solution and the Maine metal solution shows that Mn in the solutions was at similar levels, Cu and Ni were lower in the NIST UPM solution and the highest V level in the acid NIST UPM treatment was equivalent to the 50 μg/cm 2 level in the Maine metal solution (Tables 2  and 3 ). There was no As in the NIST UPM solutions and no Pb, Zn or Cd in the Maine metals. No further work was done with Cd or Pb as they were not found in significant amounts in Maine PM and furthermore, the lead in the Maine PM was not soluble in cell culture medium, and we were unable to obtain meaningful results for Zn in the Maine particulate analyses (Langley-Turnbaugh, et al., 2005) .
Our work showed that copper appeared to enhance the cell growth, manganese had no effect, but vanadium had a cytotoxic effect at all treatment levels. The vanadium results agree with cytotoxicity results found with human lung epithelial cells where cells were treated with V 2 O 5 at 10, 50 and 100 μg/cm 2 . The solid V 2 O 5 treatments of 50 and 100 μg/cm 2 dissolved to give levels of soluble vanadium that were higher than any of our treatments (Zhang, et al., 2001) . These effects of V are contradictory to the study in mice lungs (Walters, et al., 2001) , but V levels were much higher in the V 2 O 5 studies and ours. In ROFA studies vanadium levels were higher still and toxic results were seen in whole animals Lambert, et al., 1999; Campen, et al., 2002) . The cytotoxicity of arsenic has been studied with WTHBF-6 cells and results showed about an 80% survival rate at the highest treatment levels for our study (L. Savery, personal communication). Ni had been studied with human lung epithelial cells and again levels which produced an effect were much higher (at least 5 mg/mL) compared to those used in our studies (0.18 μg/mL highest) (Patierno, et al., 1993; Karaczyn, et al., 2005) . Based on our results, Costa and Dreher (1997) . c This work. d Walters, et al. (2001) .
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it would appear that the V and As were the soluble metals that adversely affected the cells. However, neither of the two metals by itself was as cytotoxic as the Maine metals solution, and we have no information on their combined effects or effects in combination with any other metals in this study. Cytotoxicity of vanadium is not surprising as vanadium has been reported to form a protein tyrosine phosphatase inhibitor, which alters gene expression patterns leading to apoptosis. It is also known to stimulate other cell types to cause fibroblast growth, but it is not know if the vanadium reaches the fibroblasts as well as the signaling molecules from other vanadium exposed cell types (Bonner, 2007) . But vanadium has been found in the lungs of rats exposed to concentrated UPM (Morishita, et al., 2004) . Arsenic, a well known poison, tends to react with thiol containing molecules and may also be a phosphokinase inhibitor (Chen and Shi, 2000) . Both metals affect the immune system (Cassarett and Doull, 2001) . Although a cytotoxic effect in WTHBF-6 cells is an indicator that these metals might exacerbate an asthma episode, the substance or mixture of substances does not necessarily need to kill a lung cell, but only irritate it to produce an adverse effect. Studies have shown the predictive ability of cytotoxicity in fibroblasts for generalized lung, skin and mucous membrane irritation by the same substance (Reinhardt, et al., 1985) . Cells which are treated or exposed to an irritant often produce cytokines as signals to the immune system that there is a foreign potentially damaging substance present. Our brief work with the RayBio Human Cytokine Antibody Array Kit suggests that the Maine metal solution may be an irritant.
Conclusions
NIST UPM particles produce a cytotoxic effect in WTHBF-6 cells, and soluble metals from the particles seem to be a major contributor to the effect. Furthermore, a cytotoxic effect was found at all treatment levels for the Maine metals solution, and vanadium and arsenic seem to be the most likely metals to cause this effect. However, further work will involve combination experiments and growth experiments as well as cell culture using human epithelial cells. Cellular irritation by soluble metals also seems likely but further work on cytokine detection is needed.
